The problem of collision avoidance of an unmanned aerial vehicle (UAV) group is studied in this paper. A collision avoidance method of UAV group formation based on second-order consensus algorithm and improved artificial potential field is proposed. Based on the method, the UAV group can form a predetermined formation from any initial state and fly to the target position in normal flight, and can avoid collision according to the improved smooth artificial potential field method when encountering an obstacle. The UAV group adopts the "leader-follower" strategy, that is, the leader UAV is the controller and flies independently according to the mission requirements, while the follower UAV follows the leader UAV based on the second-order consensus algorithm and formations gradually form during the flight. Based on the second-order consensus algorithm, the UAV group can achieve formation maintenance easily and the Laplacian matrix used in the algorithm is symmetric for an undirected graph. In the process of obstacle avoidance, the improved artificial potential field method can solve the jitter problem that the traditional artificial potential field method causes for the UAV and avoids violent jitter. Finally, simulation experiments of two scenarios were designed to verify the collision avoidance effect and formation retention effect of static obstacles and dynamic obstacles while the two UAV groups fly in opposite symmetry in the dynamic obstacle scenario. The experimental results demonstrate the effectiveness of the proposed method.
Introduction
Group control issues have long been recognized as a very important part of a multi-agent system. Because in the near future, it will become more and more common for unmanned robots to replace people in a cluster to perform difficult tasks. Cluster phenomena are common in nature, such as flocks, ant colonies, bee colonies and so on. These phenomena have inspired us to study the behavior of these biological groups to control unmanned clusters [1] [2] [3] [4] . The way unmanned aerial vehicles (UAVs) perform tasks are becoming more and more clustered. Formation maintenance is one of the key technologies of UAV cluster technology. At the same time, collision avoidance technology is also the basic problem to be considered in cluster control [5, 6] . In response to those problems, this paper studies and analyzes the collision avoidance technology in the case of formation maintenance.
Cluster avoidance is studied via cluster formation control, mainly through the graph theory method and the Laplace function method. Among them, the degree matrix, the adjacency matrix and the Laplacian matrix are very commonly used in the graph theory control method [7] . The eigenvalues of the Laplacian matrix can reflect much of the information of the network. Literature [8] clearly a weighted adjacency matrix. Suppose the nodes of the graph are V = {v 1 , v 2 , . . . , v N }, the directed edge are grouped e = (E ij ) N×N , and the weighted adjacency matrix is d = (D ij ) N×N . The directed edge e ij in the graph refers to the directed connection from node v i to node v j .
The degree matrix is a diagonal matrix that represents the number of links each node connects to each node, represented by the following equation:
The adjacency matrix represents the relationship between nodes and the relationship of information flow, which is represented by the following formula:
The Laplacian matrix is: L = D − A. The eigenvalues of the Laplacian matrix are useful in many ways. The Laplacian matrix is also symmetric for an undirected graph and it is positive-semidefinite.
For instance, a graph with degree matrix, adjacency matrix and the Laplacian matrix is shown in Figure 1 . 
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Graph Theory
This section introduces the basic concepts of graph theory and paves the way for subsequent formation consensus algorithms. The relationship between individuals in formation is represented by a weighted adjacency matrix. Suppose the nodes of the graph are 1 2 { , , , }
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The Laplacian matrix is: L D A = − . The eigenvalues of the Laplacian matrix are useful in many ways. The Laplacian matrix is also symmetric for an undirected graph and it is positive-semidefinite.
For instance, a graph with degree matrix, adjacency matrix and the Laplacian matrix is shown in Figure 1 . The degree matrix is written as:
Adjacency matrix is:
Laplacian matrix should be: The degree matrix is written as:
Adjacency matrix is: Laplacian matrix should be:
The dynamic equation of the UAV is [7] :
.
where
x, v and a are the position, velocity and acceleration of the UAV respectively. The consensus clause is that the UAV needs to converge to the same state as the surrounding UAVs. In this paper, the formation maintenance is based on the second-order consensus. The second-order consensus is satisfied if the following formula can be satisfied [7] :
From Formulas (3) and (4), we can know that the second-order consensus can also be written as .
where ω and ϕ are constant. Let m = (x T , v T ) T , the above formula be written in a compact form [7] :
Among them L is the Laplacian matrix, ⊗ is Kronecker multiplication.
Artificial Potential Field Method
The paper adopts the adaptive artificial potential field method in the collision avoidance method of the UAV. The basic method is that the UAV moves in the direction in which the potential field drops at the fastest velocity [1] . The combined force of the attraction of the target and the repulsive force of the obstacle controls the next movement of the UAV.
Assuming that the position of the UAV is P UAV , and the target position is P goal , then the gravitational potential field function is [28] :
The repulsion potential field function is [28] : where ζ a and ψ are constants, λ is the distance between the UAV and the obstacle. λ 0 is the maximum working distance between the UAV and the obstacle. When the relative distance is greater than the maximum working distance, the obstacle has no force on the UAV. So the whole potential field is:
The algorithm has certain limitations. When the UAV approaches the obstacle, the repulsive force is significantly increased.
Second-Order Consensus Formation Control Model and Improved UAV Collision Avoidance Method
Formation Control Continuous Time Domain Model
Assume that each UAV meets the same dynamic equation:
where s i represents the amount of state that should be stored, a i represents the amount of control input. In order to control the position and velocity, s p = ((s p ) 1 , . . . , (s p ) N ) and
represent the position and velocity variables, so s = s p ⊗ 1 0 + s v ⊗ 0 1 . In this paper, in order to simplify the problem, we hypothesize K = 0 1 0 1 . This means that in this UAV dynamic system, the position of the UAV is determined only by the velocity, and the velocity is determined only by the amount of control input.
The formation is represented by the following vector F = F p ⊗ 1 0 ∈ R 2nN , the UAV maintains a formation F if and only if there is a vector m, n ∈ R n that satisfies (s p ) i (t) − (F p ) i = m, (s p ) i (t) = n, i = , 2, . . . , N at the moment t. In the dynamic formation, the UAVs need to establish contact with each other to control the next movement of the UAV. This paper uses the Laplacian matrix to realize the formation control. Assume that M i is the neighbor of UAV i. The output function can be defined as [13] :
The corresponding output vector can be written as z = L(s − F), where L is the Laplace matrix. After the formula is merged we can get [13] :
where Kc = I N ⊗ K, Zc = I N ⊗ Z. The dynamic equation of the formation system in the continuous time domain is [7] :
Discretized Data Processing
The corresponding output vector can be written as z = L(s − F), where L is the Laplace matrix. After the formula is merged, you can get [7] :
. According to Formula (13), the state s at the moment (k + 1)T can be obtained:
Set Kd to the matrix K in the discrete model, Kd = e Kt . Available from Taylor's expansion:
Remove the high-order items, we can get Kd = I + tK, Zd = t 0 e y Zdy. Then the discretization model of the continuous time domain is:
Path Optimization Based on Improved Artificial Potential Field Method
The equation of motion of the UAV during collision avoidance is:
P u (1, t + 1) and P u (1, t) represents the position of the x axis coordinates of the UAV at the moment t + 1 and time t. P u (2, t + 1) and P u (2, t) represent the y axis coordinate position of the UAV at time t + 1 and time t. l is the step size of the UAV every moment, η is the direction angle of the next moment of the UAV.
The gravitational potential field function is the same as the traditional artificial potential field method, and the potential field is expressed as U a = ζ a (P goal − P UAV ) 2 . The repulsion potential field function uses a repulsion function of a Gaussian-like function [1] :
where x u and y u represents the coordinate position of the current UAV, x ob,i and y ob,i represents the coordinate position of the obstacle i, σ represents the standard deviation of the obstacle potential field, ζ rep represents the range coefficient of the obstacle potential field, r u indicating the size of the UAV, r ob indicates the size of the obstacle. It can be concluded that the entire potential field is: U t = U a + U rep,i . Assume that the total potential field in each direction at a certain point is U t,1 , U t,2 , . . . , U t,n . Take the direction of the smallest potential field as the direction of motion of UAV in the next times' step. In order to make the UAV not shake in the collision avoidance process, the paper adopts a smooth strategy, that is, the potential field under the previous simulation step and the currently calculated potential field are summed according to a certain ratio, so that the direction will not become too fast and cause jitter. The potential field method concept map is shown in Figure 2 while the collision avoidance direction selection algorithm is shown in Figure 3 . 
UAV Formation Keeps Cluster Collision Avoidance Method
In this paper, two aspects are considered for the collision avoidance of the UAV cluster. One is that the UAV keeps the formation through the static obstacles, and the other is the collision avoidance between the two UAV groups that maintain the formation. The UAV formation flying collision avoidance method based on consensus algorithm are shown in Figure 4 . 
Simulation Case
For UAV formation collision avoidance, two practical scenarios should be considered when verifying the collision avoidance effect. The first is that when the obstacle is stationary, the UAV group can avoid the obstacle while maintaining the formation; the second case is that when the obstacle is also dynamic, the UAV group keeps the formation flight while avoiding the collision. To verify these two scenarios, we designed two classic scenes. One is a static obstacle scene, and the other scene is two UAV formations flying opposite with each other. These two scenarios are the most common and relatively difficult to solve. If the UAVs in the two scenarios successfully avoid collision, then the method is proved to be effective.
Static Obstacle Scene
In the experiment, each group of UAV consists of four UAVs, one of which is the leader UAV, whose target position, initial position and initial velocity were set in advance, followed by follower UAVs. The target position was set to (200, 200) . The initial position and initial velocity of the follower UAVs were also set in advance. The initial positions of the four UAVs are shown in Table 1 : 
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In the experiment, each group of UAV consists of four UAVs, one of which is the leader UAV, whose target position, initial position and initial velocity were set in advance, followed by follower UAVs. The target position was set to (200, 200) . The initial position and initial velocity of the follower UAVs were also set in advance. The initial positions of the four UAVs are shown in Table 1 : Figure 5 records the actual motion trajectories of the four UAVs, each of which took maneuvering measures to avoid collisions when encountering obstacles. In the initial formation of the formation, the UAV group formed a formation according to the consensus algorithm. When the obstacles were encountered, the UAVs in the UAV group performed the movement operation according to the improved artificial potential field method, then re-formed the formation. After the leader UAV reached the target position, the remaining follower UAVs slowed down and hovered in formation.
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Dynamic Obstacle Scene
In this experiment, there were two groups of UAVs. Each group of UAV consists of four UAVs. One of the UAVs is the lead UAV. The target position, initial position and initial velocity were set in advance. The initial position and initial velocity of the follower UAVs were also set in advance. The initial positions of the eight UAVs of the two groups of UAVs are shown in Table 2 . Figure 9 records the actual motion trajectories of eight UAVs. Each UAV takes maneuvering measures to avoid collisions when encountering the other UAV group. Similar to the static obstacle scene, the UAV group formed a formation according to the consensus algorithm during the initial formation process. When the other UAV group was encountered, each UAV performed the motion operation according to the improved artificial potential field method. After passing the other UAV group, the UAV group re-formed the formation. After the leader UAV reached the target position, the other followers slowed down and hovered according to the formation. 
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Conclusions
This paper studied the formation of collision avoidance methods for UAV groups. The UAV group needs to form formations and fly to the target point when it is safe, and can effectively avoid obstacles when encountering them. The collision avoidance of static obstacle scene and the dynamic obstacle avoidance scene are simulated respectively in this paper, and the simulation results are analyzed. It is worth noting that the method is essentially a centralized control method, that is, the calculation is performed by the same calculation unit and then the control instruction is sent to the lower unit. But if the computational processor is efficient enough and there is little delay in the information transfer process, the method can be a distributed algorithm. In this case, each UAV acts as a computing unit and performs computational processing on the received information to generate its own decisions. In order to achieve a real flight test, we will design a control framework. The overall control framework consists of two aspects: The first aspect is about decision calculate, the other aspect is information sharing. For the first aspect, we would use the computing unit of the leader UAV to calculate the next moment trajectory of follower UAVs, then the leader UAV will send the control signal to the follower UAVs. For the second aspect, we set all follower UAVs to send their own velocity and location information to the leader UAV. This framework will enable information sharing and real flight.
The conclusions are as follows: (1) The contribution of this research is to study the formation maintenance method of the UAV group based on the second-order consensus algorithm, which can 
The conclusions are as follows: (1) The contribution of this research is to study the formation maintenance method of the UAV group based on the second-order consensus algorithm, which can control each UAV in the formation and has a significant effect in forming a stable formation. (2) The application of the improved artificial potential field method in the collision avoidance problem of UAV is studied. The smoothing strategy is adopted to make the collision avoidance trajectory smooth and suitable for practical engineering use. (3) The collision avoidance between the UAV groups was studied. The UAV groups completed the formation while avoiding collisions and quickly formed a stable formation after the collision avoidance operation.
The recommendations and future work are as follows: (1) 
